ABSTRACT. Geothermal convection of seawater deep in carbonate platforms could provide the necessary supply of magnesium for dolomitization at temperatures high enough to overcome kinetic limitations. We used reactive-transport simulations to predict the rates and spatial patterns of dolomitization during geothermal convection in a platform that was 40 km across and 2 km thick. In the simulations, porosity and permeability decrease with depth to account for sediment compaction.
ABSTRACT. Geothermal convection of seawater deep in carbonate platforms could provide the necessary supply of magnesium for dolomitization at temperatures high enough to overcome kinetic limitations. We used reactive-transport simulations to predict the rates and spatial patterns of dolomitization during geothermal convection in a platform that was 40 km across and 2 km thick. In the simulations, porosity and permeability decrease with depth to account for sediment compaction.
Dolomitization of a platform consisting of medium grained (ϳ0.05 mm) sediments occurred in a broad band ranging from ϳ2.5 km depth near the margin to ϳ1.5 km depth near the platform center. The area of dolomitization is deep enough that temperatures exceed ϳ50°C but not so deep that low permeabilities restrict mass transport. Complete dolomitization in the center of this zone is estimated to require at least 60 my. Incorporation of permeability contrasts, permeable beds, and reactive beds focused dolomitization strongly and reduced the estimated time required for dolomitization by as much as 50 percent. Dolomitization created magnesium-depleted, calcium-rich fluids in less than 10 ky, and results support a link between dolomitization and anhydrite precipitation where adequate sulfate is available.
introduction Chemical diagenesis can significantly alter the chemistry and hydraulic properties of carbonates. Knowledge of chemical diagenesis can therefore be critical for understanding carbonate-hosted water, petroleum, and mineral resources, but reaction rates and environments for many diagenetic processes in carbonates are still poorly understood. Dolomitization, which refers to the replacement of calcite by dolomite, has been particularly problematic.
Although the exact form of the reaction and the associated volume change is uncertain (Machel and Mountjoy, 1986) , dolomitization is commonly described by the stoichiometric equation 2 CaCO 3 ͑calcite͒ ϩ Mg 2ϩ 7 CaMg͑CO 3 ͒ 2 ͑dolomite͒ ϩ Ca 2ϩ
(1)
As indicated by this expression, dolomitization requires substantial mass transport of magnesium and may contribute to the formation of calcium-rich, magnesium-depleted basinal brines (Hanor, 1988; Hardie, 1990) . The rarity of dolomite in modern sedimentary systems and the extreme difficulty of growing dolomite in the laboratory below temperatures of 100°C (Land, 1998; Arvidson and Mackenzie, 1999) indicate strong kinetic limitations to dolomitization at low temperatures (Morrow, 1982; Hardie, 1987; Budd, 1997) . The rate and environment of dolomitization can also be quite difficult to infer from field observations, with the result that several models for dolomitization have been proposed. Models for dolomitization in carbonate platforms center primarily around variations of the mixing-zone, sabkha, reflux, and geothermal (Kohout) convection models (see reviews by Morrow, 1982; Machel and Mountjoy, 1986; Hardie, 1987; Budd, 1997) . Dolomitization also appears to be microbially-mediated under some circumstances surrounding cooling plutons (Steefel and Lasaga, 1994) , and unconformity-type uranium ore deposits (Raffensperger, 1996) .
As stated above, dolomitization proceeds very slowly at low temperatures, but the reaction rate increases sharply with increasing temperature. At high temperatures, dolomitization is likely to be limited by large-scale mass transport rather than kinetic rates. Transport-limited reactions typically create characteristic patterns of reaction (Phillips, 1991) , and two transport-limited reaction types have been identified for dolomitization during geothermal convection: thermal gradient reactions and reaction fronts.
Thermal gradient reactions occur due to changes in the equilibrium state of pore fluids as they flow across temperature gradients, and the potential of geothermal convection to drive thermal gradient reactions is well known from analytic studies (Wood and Hewett, 1982; Davis and others, 1985; Phillips, 1991) . The resulting reaction pattern depends on the flow rate, thermal gradient, and the temperature dependence of the equilibrium constants for the reactions and temperature range of interest (Phillips, 1991) . The reaction pattern for equilibrium thermal gradient reactions is likely to be diffuse in carbonate platforms, because the gradient in these parameters along a flow path is typically small. We note that the thermal dependence of kinetic reaction rates falls outside this definition.
Reaction fronts develop where fluids not in equilibrium with the host rock enter the rock and proceed toward equilibrium along a flow path within the rock. This concept is normally defined for isothermal systems (Phillips, 1991) , but it is still useful here. In the case of carbonate platforms, seawater entering the platform flank is supersaturated with respect to dolomite, and the water reacts with calcite along flow paths within the platform. The pattern of dolomitization in the Latemar Massif in Italy suggests that dolomitization there was driven by a reaction front (Wilson, Hardie, and Phillips, 1990; Phillips, 1991) . The Latemar is unusual because geothermal convection appears to have been associated with emplacement of magma beneath the platform (Wilson, Hardie, and Phillips, 1990; Phillips, 1991) , but temperatures in normal carbonate platforms rise above 60°to 70°C at depths of only 2 to 3 km under normal geothermal gradients. Temperatures can be further elevated where heat is advected upward during geothermal convection.
The difference in kinetic reaction rates between the cool margins of a platform and the warm platform interior is large compared to the very gradual changes associated with equilibrium thermal gradient reactions. Reaction fronts therefore have the potential to create much more concentrated reaction zones than gradient reactions, and a 'non-isothermal reaction front' appears to be the most likely means of transport-controlled dolomitization during geothermal convection in carbonate platforms.
numerical models
The purpose of this work is to predict regional patterns and rates of dolomitization during geothermal convection in carbonate platforms using quantitative reactivetransport models. The non-linear coupling between fluid flow and chemical reactions in reactive-transport simulations can be complex, so we first present reaction-path calculations for dolomitization in the absence of fluid flow. Having described the basic behavior of the geochemical system, we then proceed to reactive-transport models. Two important uncertainties in this approach are the rate of precipitation of dolomite and the permeability of platform carbonates, and we use sensitivity studies to explore the effects of these uncertainties.
geochemical models and reaction-path calculations
Reaction-path calculations were developed to simulate reaction between seawater and calcite over time. The calculations included 23 aqueous species and 3 solid species during geothermal circulation in carbonate platforms (table 1) , and the system was closed to mass transport and insulated against heat transfer. Calculations were made using HETEK, a version of HETEQL (Raffensperger, 1996) that was modified to include kinetic reactions. Thermodynamic parameters were compiled from SUPCRT database SPRONS96 (Dimitri Sverjensky, Johns Hopkins University) except as marked in table 1.
The initial fluid composition (table 2) reflects equilibrium between seawater and calcite. No dolomite has precipitated from this fluid yet, so the fluid remains supersaturated with respect to dolomite. Normal seawater is not in equilibrium with calcite, but fluid entering a carbonate platform is likely to reach equilibrium with calcite on the large temporal and spatial scales of interest for this study (Helgeson and others, 1993) . Sulfate reduction and organic reactions were neglected.
The theoretical framework exists for simulating nucleation and the replacement of thermodynamically unstable minerals such as high-magnesium calcite, aragonite, and disordered dolomite by successively more stable phases (Steefel and Van Cappellen, 1990 ), but these minerals are excluded from our calculations because reaction rates for these processes are unknown. High-magnesium calcite and disordered dolomite likely provide nucleation sites for dolomite precipitation, but, again, quantitative information regarding these processes is lacking. Nucleation under various saturation states and on minerals with varying nucleation site densities may play an important role in determining the distribution of precipitating phases (Steefel and Van Cappellen, 1990) , but, given the uncertainties involved, investigation of these processes is beyond the scope of the present work. We instead included a small volume of dolomite in the rock to supply an initial reactive surface area. Uncertainty with regard to reactive surface area is addressed in sensitivity studies.
We also assumed that dolomitization is the result of a process that includes calcite dissolution and dolomite precipitation (Machel and Mountjoy, 1986) rather than the single reaction implied by eq (1). In our models, the rate of dolomitization thus depends on the rate of dolomite precipitation, and calcite dissolution proceeds according to equilibrium thermodynamics. This approach is advantageous because it does not require the assumption of a specific stoichiometric equation for dolomitization (eq 1) and because a kinetic expression for precipitation of dolomite is available (Arvidson and Mackenzie, 1999) 
where r dol is the reaction rate of dolomite; A s is the specific surface area of dolomite (reactive surface area per unit mass); Q is the activity quotient for ordered dolomite; K is the equilibrium constant for ordered dolomite; and k is the rate constant,
where A, the pre-exponential factor, is 11.22 mol/cm 2 /s; E a , the activation energy, is 1.335 ϫ 10 5 J/mol; R, the universal gas constant, is 8.3143 J/mol/K; and T is temperature (K). This expression is based on experimental results for precipitation of slightly Ca-rich dolomite at temperatures of 115°to 196°C (55-58 mol percent CaCO 3 ; Arvidson and Mackenzie, 1999) . Use of this expression for stoichiometric dolomite and for temperatures below 100°C is a source of uncertainty in the present study, but this expression provides the best available estimate of these rates.
Our baseline reaction-path calculation assumes a specific surface area of 1000 cm 3 /g, 0.3 volume percent dolomite present initially to provide nucleation sites and a temperature of 50°C ( fig. 1 ). The initial volume of dolomite and the specific surface area are both uncertain, as further discussed below. All mineral volumes are presented as a fraction of bulk rock volume, which is calculated in the same manner as porosity. For example, a rock with 30 percent porosity and a remaining mineral fraction composed of 70 percent calcite and 30 percent dolomite would have volume fractions Table 2 Initial fluid composition at 25°C of 49 percent calcite and 21 percent dolomite. Log equilibrium constants for dolomite, calcite, and anhydrite at 50°C were Ϫ24.24, Ϫ11.65, and Ϫ4.62, respectively.
In the baseline calculation, dolomite precipitation is accompanied by a slightly larger volume of calcite dissolution ( fig. 1) . Based on the volume difference in this calculation, complete dolomitization of a rock consisting of 80 percent calcite and 20 percent porosity should result in a rock consisting of about 75 percent dolomite and 25 percent porosity. This result appears consistent with the volume decrease that would theoretically occur in eq (1) (Weyl, 1960) , but, in this simulation, only 99 percent of the moles of CO 3 for dolomite are supplied by calcite dissolution. Small amounts of carbonate are removed from seawater, which causes a drop in pH from 7.6 to 7.0 ( fig.  1 ). This calculation suggests that an additional source of CO 3 , such as that provided by biodegradation reactions, would allow additional precipitation of dolomite. This would reduce the porosity increase, and, as discussed below, precipitation of other phases could futher reduce or reverse the change in porosity. Dolomitization is also accompanied by calcium enrichment of pore fluids in these calculations. The aqueous calcium concentration is initially 0.0095 mol/L. The difference between this concentration and that of normal seawater (0.01 mol/L) reflects precipitation of a small amount of calcite when seawater was placed in equilibrium with calcite. As dolomitization proceeds, the calcium concentration rises to more than 0.35 mol/L. This calculation supports the role of dolomitization in creating calcium-rich brines of the type found in many sedimentary basins. Whereas precipitation of CaSO 4 minerals during evaporation of unaltered seawater leaves a calcium-poor brine, precipitation of CaSO 4 minerals during evaporation of the fluid remaining after dolomitization would create saline, calcium-rich fluids (Hardie and Eugster, 1970) . Substantial sulfate is removed by organic processes in most platforms, which would place these fluids even further to the calcium side of this Ca-SO 4 divide.
The reactive surface area of mineral grains is an important uncertainty in this type of calculation, particularly during mineral precipitation (Steefel and Van Cappellen, 1990) . We assume that the reactive surface area is proportional to the mass of dolomite present (Steefel and Van Cappellen, 1990; Bethke, 1996) . The specific surface area (surface area per unit mass) can be estimated by assuming a regular geometric shape for the grains, for example (after Lichtner, 1996) 
where S is specific surface area, d is the dimension of a cubical grain, g is the density of the mineral grains, and is porosity. According to eq (4), the choice of 10 3 cm 2 /g corresponds to a grain dimension of approx 50 m, a medium-grained carbonate. However, the specific surface area of real sediments may exceed this estimate by as much as three orders of magnitude because of surface roughness (White and Peterson, 1990) . On the other hand, preferential flow through permeable pathways in heterogeneous sediments could reduce the effective reactive surface area by as much as 5 orders of magnitude in extreme examples (Oelkers, 1996) . The effective surface area also could be reduced by organic or mineral coatings (Bethke, 1996) . Additional reactionpath calculations for specific surface areas of 10 2 and 10 4 cm 2 /g represent coarser (500 m) and finer (5 m) sediments, respectively, or represent various combinations of surface roughness, preferential pathways, and grain coatings ( fig. 2A ).
For a reactive surface area of 10 4 cm 2 /g, the system requires ϳ0.5 my to progress 95 percent of the way from the initial dolomite volume to the volume of dolomite that would be predicted in equilibrium calculations, 0.437 percent. The reaction time increases by an order of magnitude for each order of magnitude reduction in the specific surface area. Thus, ϳ5 my is required for a specific surface area of 10 3 cm 2 /g and ϳ50 my for a specific surface area of 10 2 cm 2 /g. The rate of dolomitization also depends strongly on temperature (fig. 2B). As described above, the baseline reaction-path calculation requires approx 0.5 my to come to within 95 percent of equilibrium. The same calculation made at 80°C requires only 20 ky to come to within 95 percent of equilibrium, and a third calculation at 25°C progressed only 36 percent of the way toward equilibrium in 5 my. The sharp increase in reaction rates at higher temperatures is due almost entirely to an increase in the kinetic rate constant (eq 3). Differences in the equilibrium constant for dolomite between 20°and 80°C cause an increase in the volume of dolomite predicted in equilibrium calculations, but this increase has a very small effect on the rate of dolomite precipitation.
Equilibrium calculations indicate the final state toward which the kinetic system progresses, and such calculations predict the presence of anhydrite at temperatures above 39°C ( fig. 2D ). The equilibrium calcium concentration rises with increasing temperature until the fluid becomes saturated with respect to anhydrite. Thereafter, the calcium concentration decreases with increasing temperature, as dictated by equilibrium with anhydrite. Anhydrite precipitation therefore also drives calcite dissolution, and, at equilibrium, a small amount of additional dolomite would precipitate in response (see slight bend the curve in fig. 2C ). Precipitation of anhydrite also counters the porosity increase associated with dolomitization ( fig. 2E ).
When dolomitization is governed by kinetic processes, precipitation of anhydrite is delayed until the calcium concentration becomes sufficiently elevated. In the baseline reaction-path calculation at 50°C, anhydrite does not precipitate until nearly 3 my have passed (fig. 2F ). The much faster rate of dolomitization at 80°C causes anhydrite to precipitate immediately. Anhydrite precipitation causes a negligible increase in the rate of dolomite precipitation.
These calculations suggest that anhydrite precipitation likely lags behind initial dolomitization at low temperatures but could occlude porosity significantly during later stages of dolomitization or at higher temperatures. The initial fluid composition used here represents an endmember case in which no sulfate reduction has occurred, and most platform fluids contain much less sulfate than our endmember case. Calculations not shown here indicate that sulfate reduction delays or prevents anhydrite precipitation in systems of seawater salinity. Nevertheless, these results clearly indicate a link between dolomitization and precipitation of anhydrite cements in systems with higher salinity and/or at higher temperatures. As discussed later, these calculations agree with common field observations of anhydritization and support the connection between anhydritization and dolomitization suggested by Machel (1986) . The 4 percent increase in dolomite volume between 20°and 80°C shown in the equilibrium calculation corresponds to the amount of dolomite that would precipitate along a flow path in a gradient reaction. The kinetic reaction-path calculations show the potential for an increase of 45 percent between the initial and equilibrium dolomite volume, which indicates the amount of dolomite that could precipitate in a reaction front. A reaction front is therefore much more likely to drive significant dolomitization than a gradient reaction.
reactive-transport simulations
Reactive-transport simulations were generated using the RST2D computer program (Raffensperger, 1996) to solve the coupled equations that govern variabledensity fluid flow, heat transport, solute transport, and geochemical processes (table  3) . RST2D solves the transport equations in two dimensions using a triangular finite Table 3 Governing equations Note: Symbol notation is defined in (A) (opposite page). element method. RST2D was modified to use the subroutine HETEK, which accounts for the geochemical subsystem, as described above. Coupling between variable density fluid flow, heat transport, and solute transport is resolved by sequential iteration, and coupling between solute transport and chemical reactions is resolved using a predictorcorrector scheme.
(A) Symbol notation, for table 3
The time step size for transport calculations was 100 yr. Time steps within the geochemical subsystem were variable. If the 100 yr time step caused the dolomite concentration to increase by more than 10 percent, the time step size within the geochemical subsystem was reduced by a factor of 5 until the criterion was met. This internal time step size was then allowed to increase by a factor of 1.002 until the overall time step of 100 yr was complete. Tests using 50 yr time steps for the transport calculations produced results that differed negligibly from simulations using 100 yr time steps, confirming that 100 yr time steps were sufficiently small.
Hydraulic head and temperature were specified across the upper boundary of the grid ( fig. 3) . The values for hydraulic head correspond to a hydrostatic profile for variable-density seawater, and the thermocline was represented by (Sanford and others, 1998) T ϭ 25 exp͑ Ϫ z͒ (5) where T is temperature (°C) and z is depth below sealevel (km). No flux was allowed across the other boundaries except for the basal heat flux of 60 mW/m 2 . Fluid flow and heat transport were simulated for steady-state conditions.
Boundary conditions for solute transport were set by specifying the fluid composition for nodes where fluid enters the platform. Solutes were allowed to exit the platform in discharge zones along the top of the grid. No solute flux was allowed across the sides or bottom of the grid. Initial conditions and specified concentration boundary nodes for reactive solute transport reflect equilibrium between seawater and calcite at the appropriate temperature, as described for reaction-path calculations. No dolomite was allowed to react in the specified concentration nodes, but all of the nodes in question were at the seafloor, where low temperatures prevent significant dolomite precipitation in any case.
The horizontal grid discretization was 500 m throughout most of the grid but was decreased to a minimum of 81 m along the steepest part of the platform slope ( fig. 3) , to limit numerical inaccuracies associated with obtuse angles in the finite element mesh. Vertical grid discretization was 50 m within the platform and decreased down the platform slope to ϳ16 m at the left boundary. Tests with different discretization indicated that this grid discretization was sufficient for the large-scale effects investigated here. Courant numbers calculated for the 50 m by 500 m grid cells in the main platform were less than 0.5 for all simulations. Vertical and horizontal dispersivities of 100 and 1000 m, respectively, were required to meet the grid Peclet criterion. Although dispersivity is difficult to estimate for large scale systems (Gelhar, Welty, and Rehfeldt, 1992) , these values fall within the range of uncertainty for macrodispersion. These simulations were not designed to account for the microdispersive processes that govern mixing reactions, because the reaction mechanism considered here depends primarily on advection and temperature. 
geothermal circulation in carbonate platforms
Porosity was calculated as a function of depth for all simulations. The porositydepth function for medium-and coarse-grained sediments (see table 4) was based on borehole data from the Florida platform (Schmoker and Halley, 1982) ϭ 0.4173 exp͑ Ϫ z/2498͒ (6) where is porosity and z is depth below sealevel (m). The porosity of fine-grained sediments (Ͻ 20 m) was calculated based on the work of Goldhammer (1997) , who used two different functions to describe the compaction of fine-grained carbonates in two depth ranges. Instead, we created a single function based on his data:
Permeability was calculated as a function of porosity based on the work of Lucia (1995) . This relation takes the form
where k max is the permeability in millidarcies (1 md ϭ 10 Ϫ15 m 2 ) in the direction of maximum permeability (assumed to be horizontal), and a and b are fit parameters for coarse-, medium-, and fine-grained sediments (table 4). The ratio of horizontal to vertical permeability is 1000. Resulting permeabilities span 7 orders of magnitude, from ϳ3 to more than 10 6 md ( fig. 4) . Feedback between porosity and permeability during dolomitization was neglected, because porosity change was very small over the simulation time considered, 100 ky.
Although the thermal conductivity of dolomite is higher than that of limestone, only a small volume of dolomite precipitated during the simulations presented here. The thermal conductivity of carbonate grains, 3.3 Wm -1 K -1 , was therefore held constant.
numerical simulation results
Our baseline simulation used a platform consisting of medium-grained sediments. The fluid flow and thermal systems in this simulation ( fig. 5 ) are consistent with those presented by Sanford and others (1998) . The maximum flow rate was ϳ0.4 m/yr, and the thermal profile reflects advection of cold seawater into the platform. Dolomite precipitated in a broad zone reaching across the platform, at depths where the temperature reached 60°to 70°C ( fig. 6 ). Low temperatures in shallow portions of the platform limited dolomitization, despite ample mass transport. In contrast, dolomitization in deep, hot areas of the platform was transport-limited. The zone of dolomitization fell between these extremes, with the maximum dolomite volume representing Table 4 Parameters for porosity-permeability relations (from Lucia, 1995) the most favorable combination of temperature and mass transport. This pattern represents a quasi-stationary reaction front.
As predicted by the reaction-path calculations, dolomite precipitation is accompanied by dissolution of calcite and precipitation of anhydrite ( fig. 7) . At its upper margin, anhydrite precipitation followed the 80°C contour. Accompanying changes in porosity were very small (Ͻ 0.2 percent). As previously discussed, sulfate reduction would reduce the amount of anhydrite that precipitates, but the predicted distribution of dolomite and the rate of dolomitization in our simulations were not affected significantly by the precipitation of anhydrite. Minor boundary effects are observed at the lower edge of the mesh and are discussed below. Dolomitization was accompanied by magnesium depletion and calcium enrichment ( fig. 8) . The most evolved fluids developed just below the zone of maximum dolomite precipitation, and these fluids then flowed upward near the center of the platform. This pattern developed rapidly, in less than 10 ky. These results are consistent with observations of calcium-enriched, magnesium-depleted springs along the west coast of Florida (Fanning and others, 1981) , but the magnitude of the enrichment is much higher than that observed in warm springs. Quantitative comparison of simulation results with field observations would require simulations to account for possible mixing with unaltered seawater or freshwater lenses at the platform surface.
The rate of dolomite precipitation in the zone of maximum dolomitization became relatively steady by 50 ky (fig. 9) . In a hypothetical system in which temperature and the supply of reactants were held constant, a steady precipitation rate would develop that exactly balanced the supply of reactants via mass transport. Temperature was indeed constant in these simulations, but the supply of reactants gradually decreased as reactive surface areas, and hence reaction rates, increased. This effect is shown in the results by the gradual increase in calcium concentrations over time ( fig.  8 ). The change is small, however, so reaction rates can still be extrapolated forward to generate minimum estimates of the time needed to dolomitize particular areas of the platform. Based on a reaction rate of 1.35 percent/my, this simulation suggests that a rock consisting of 80 percent calcite and 20 percent porosity could be completely dolomitized in a minimum of 60 my.
reactive surface area
Reactive surface area is an important uncertainty in these calculations, and we first present a simulation in which the specific surface area for dolomite was decreased throughout the entire grid by an order of magnitude compared to the baseline simulation. The flow system for this test remained the same as the baseline simulation. The primary effect of this change was to increase the temperature at which dolomitization rates become significant from ϳ50°to 80°C ( fig. 10) . Because of the decrease in permeability with depth, the increase in the temperature range of maximum dolomite precipitation was accompanied by a decrease in the rate of mass transport and, hence, dolomitization. In this example, complete dolomitization would take at least 100 my.
Reactive surface area in geologic systems is subject to significant heterogeneity. A second simulation is shown in which the initial volume of dolomite present was decreased by a factor of two everywhere in the simulation area except in three beds parallel to the platform top and platform slope ( fig. 10C ). The 100 m-thick beds were placed at 1, 1.75, and 2.5 km depths within the platform. This simulation addresses the possibility that sediment layers containing finer-grained sediments or a greater density of nucleation sites are more reactive than others, as suggested by petrographic observations (Schlanger, 1963; Saller, 1984) .
As would be expected, the maximum amount of dolomitization occurred in the more reactive beds, and the rate of dolomitization suggests that these beds could be completely dolomitized in only 35 my. Despite the reduction in reactive surface area in the bulk of the simulation area, the total volume of dolomite in this simulation was only 8 percent less than the amount shown in the baseline simulation (table 5) . Temperature and fluid flux controlled the pattern of dolomitization, but dispersivity must also be considered in this situation because rapid reaction rates in thin beds can create concentration gradients that drive mass transport of reactants toward the reactive bed. Decreasing dispersivity would decrease the intensity of dolomitization in the beds but would not affect the overall pattern of dolomitization.
The wide range of temperatures in this platform made simulations with higher specific surface areas impractical, because extremely small time steps were needed at high temperatures. It is clear from the previous simulations that dolomitization would be enhanced in the reactive beds. An alternative, frequently-cited reason for enhanced dolomitization of localized beds is increased permeability, which increases mass transport through the beds rather than increasing the reactivity of the sediments. The permeability of the platform sediments provides a major control on flow rates. High flow rates normally increase transport-controlled reaction rates, but, in the case of geothermal circulation, increased permeability also allows advection of cool seawater deeper into a platform (Sanford and others, 1998) , which may reduce kinetic reaction rates. Conversely, lower flow rates could allow higher temperatures, which would increase reaction rates. We first created a more permeable platform by raising parameters a and b in eq (8) to 10 7 and 7.0, respectively. The permeability of the platform increased relative to the baseline simulation by a factor of ϳ3 at the top the platform and a factor of ϳ1.5 at 3 km depth (fig. 4 ). This modest increase was chosen because this increase has a significant effect on flow rate and temperature and because simulations using the more extreme porosity-permeability curve for coarse-grained sediments (table 4) failed to converge.
Increasing the permeability of the platform caused the calculated total fluid flux through the platform to increase by a factor of 1.8. The higher flow rates in this system cooled the bulk of the platform by 5°to 10°C relative to the baseline simulation (fig .   Fig. 7 . Mineral volume fractions of calcite and anhydrite after 100 ky. 742 A. Wilson, W. Sanford, F. Whitaker, . Temperatures within the upper 600 m at the center of the platform remained similar to those of the baseline simulation, due to rapid upward advection. These changes caused the area of maximum dolomite precipitation to shift toward the center of the platform relative to the baseline simulation ( fig. 12) . The maximum amount of dolomite after 100 ky increased to 0.23 percent bulk volume, although the total mass of dolomite remained similar to that of the baseline simulation (table 5). The increase in permeability thus significantly increased fluid flow but, rather than increasing the amount of dolomite, concentrated dolomitization toward the center of the platform.
The baseline and increased-permeability simulations lie near the critical permeability identified by Sanford and others (1998) above which advection cools the center of the platform rather than warming it. Further increases in permeability thus would increase the depth of the zone of maximum dolomitization.
The effect of reduced flow was tested by changing the platform to consist entirely of fine-grained sediments, which reduced the permeability by a maximum of ϳ2 orders of magnitude at 500 m depth (fig. 4) . Fluid flow was reduced 94 percent compared to the baseline simulation ( fig. 5) , and the thermal profile reflects the effects of conduction alone. Temperatures increased by more than 30°C below 1 km depth in the outer 15 km of the platform ( fig. 11C ). Dolomitization generally parallels the temperature contours in this simulation, but a zone of additional dolomitization also developed close to the platform margin, where inflowing fluids first encountered elevated temperatures. Flow patterns limited the supply of magnesium to the rest of the platform.
The volume of dolomite precipitated in the area near the platform margin was very similar to that predicted for the baseline simulation, but the total mass of dolomite precipitated in this simulation was actually 1.5 times the amount predicted in the baseline simulation (table 5) . Although fluid flow was restricted, the increased temperatures in this simulation allowed more rapid dolomite precipitation. We also note that the area of maximum dolomite volume in this simulation (0.18 percent) is in fact at the bottom of the simulation area, approx 10 km from the left-hand boundary. The boundary effects that give rise to this zone of increased dolomitization merit some discussion.
Examination of the velocity field shows that the flow velocity increases slightly along the lower boundary in all simulations ( fig. 5 ). Sanford and others (1998) observed that the ratio of fluid density to fluid viscosity increased toward the warmer lower boundary of their simulation area, causing an increase in hydraulic conductivity. Fig. 9 . Dolomite precipitation rate at an observation point (see fig. 6 ).
Although the permeability decreases with depth in our simulations, the same effect is apparent at the bottom of the simulation area. The slight increase in velocity and the relatively high temperatures in this zone allow a larger amount of dolomite to precipitate in that area. These boundary effects do not appear to affect the shallower portions of the platform significantly, but they do suggest the potential of a permeability contrast to focus dolomitization.
To test the effects of a permeability contrast, we simulated a platform in which the lower 1.8 km of the platform were composed of fine-grained sediments. The upper 1.2 km of the platform consisted of medium-grained sediments. The flow system in this case was largely confined to the upper, more permeable zone ( fig. 11D ), but the total flux was maintained at 94 percent of the baseline simulation (table 5) . Temperatures were very similar to the baseline simulation in the upper zone but were 5°to 10°C higher in the lower zone ( fig. 11D ). Dolomitization occurred mainly at the permeability contrast ( fig. 12D) , where inflowing fluids first reach temperatures of 50°to 70°C. The velocity along any isotherm was highest at the interface ( fig. 13) , so dolomitization proceeded more rapidly there than in the rest of the simulation area. The total mass of dolomite was nearly 25 percent larger than in the baseline simulation, and the maximum volume of dolomite was more than twice that of the baseline simulation (table 5) . The presence of a permeability contrast concentrated dolomitization to a significant extent.
It is important to note that this simulation shows average volumes of dolomitization for 50 m thick elements, and this average reflects intense dolomitization at the contrast and more diffuse reaction in the rest of the element. Using 2 m vertical grid discretization, Wilson and others (2000) predicted dolomitization of a 2 m thick bed above a permeability contrast in ϳ16 my for a simulation based on Enewetak Atoll. Grid discretization was not increased in the current simulation to maintain compatibility with the other simulations.
Fluid advection and temperature provide primary controls on dolomitization, but other factors modify the distribution and intensity of the reaction. First, fluids from below the permeability contrast flow upward with a vertical velocity of 2 to 3 mm/yr in the area where dolomitization occurs. This upward flow, although small, could slightly decrease the rate of dolomitization at the permeability contrast because those fluids have been depleted in magnesium and enriched in calcium ( fig. 14D ). Dispersion also plays a role in this situation. As described with regard to the simulation with reactive beds, dispersion can supply reactants to reactive beds from surrounding areas. In the case of the permeability contrast, dispersion could also provide important transport of reactants from the upper, permeable zone to the lower zone. Indeed, simulations in which longitudinal and transverse dispersivities were reduced by a factor of two showed decreased dolomitization below the permeability contrast and a nearly 10 percent decrease in the maximum volume fraction of dolomite at the permeability contrast. The total mass of dolomite decreased only 3 percent, however. As in the previous simulations, temperature and fluid flux, rather than mixing, control the primary pattern of dolomitization.
A second simulation tested the effects of high permeability beds within a platform. Three 100 m thick beds of coarse-grained sediments were placed at depths of 0.5, 1.25, and 2 km within an otherwise medium-grained platform. The thickness of these beds was chosen based on the description by Budd (1997) of older (Middle Miocene through Pliocene) post-depositional platform dolomites, which are typically tens to hundreds of meters thick. Fluid flow was enhanced by 28 percent relative to the baseline simulation and was concentrated in the higher permeability beds ( fig. 12E ), but the temperature only decreased by 2°to 3°C in the platform (fig. 11E ). The pattern Table 5 Comparison of total flux and dolomite volume at 100 ky *Thick part of the platform only. Volumes in the slope area are very small in comparison.
†Minimum estimated time for complete dolomitization in zone of maximum reaction.
of dolomitization was less focused than it was for the simple permeability contrast, because the velocity contrast was not as great between the permeable beds and the surrounding platform as it was when a single permeability contrast was imposed. The uppermost permeable bed lies in the cool, rate-limited portion of the platform, so increased mass transport in that bed had little effect on the volume of dolomite that precipitated. 
discussion
These reactive-transport simulations suggest that dolomitization is likely to occur in carbonate platforms during geothermal circulation. However, the predicted distribution of dolomitization was diffuse for homogeneous platforms. Based on these simulations, it is not certain that geothermal convection alone could create the pervasive, massive dolomitization observed in ancient carbonates. The more rapid, concentrated dolomitization predicted in simulations with heterogeneous sediments suggests that geothermal convection may be more successful at dolomitizing thin beds, but dolomitization rates are quite slow, requiring at least 30 my. As discussed below, a wide range of processes and factors present in natural systems would alter the predicted rate and distribution of dolomitization.
transient processes during geothermal convection/evolution
The simulations presented here assume a steady-state flow system, but transient flow would likely develop over spans of millions of years. Exposure of the platform top during sealevel low stands allows freshwater lenses to develop, which modify the pattern of geothermal convection in carbonate platforms (Wilson, Hardie, and Phillips, 1990; Sanford and others, 1998) . Geothermal convection can also be supplanted by reflux circulation (Jones and others, 2000) . Even brief periods of evaporation during restricted flow on the platform top can create dense fluids that persist within the platform for more than 1 my . Such interruptions could account for multiple generations of dolomitization observed in many dolomites.
Transient flow should also develop over geologic time spans due to platform growth. The region of maximum dolomitization would likely migrate through the platform, following a roughly horizontal path during progradation and a vertical one during aggradation. This migration could lead to diffuse dolomitization of a large area in a homogeneous platform, but it appears that a permeability contrast or a difference in reactive surface area, as explored in our sensitivity studies, could focus dolomitization in one region even during platform growth.
Changes in geothermal heat flux over time would create further variation in the rate of dolomitization. The geothermal heat flux of 60 mW/m 2 was chosen to represent an average heat flux along a passive margin, but island volcanism or igneous intrusions would increase the heat flux. This is the case at the Latemar Massif, where field evidence suggests that geothermal convection linked with magma emplacement drove pervasive dolomitization in a period as short as 1 to 2 my (Wilson, Hardie, and Phillips, 1990) . Less extreme increases in heat flow create a moderate increase in fluid flux (Sanford and others, 1998) , but the reaction rate may still increase sharply. Simulations with higher heat flow were not attempted, because rapid reaction rates at high temperatures require very small time steps, but it is clear that an increase in geothermal heat flux could dramatically increase the rate of dolomitization.
reactive surface area
Geothermal convection has been suggested as a means of dolomitizing thin beds (Saller, 1984) , and the reactive-transport simulations presented here support this possibility. However, field evidence suggests that the temperature of dolomitization in many cases is only 20°to 30°C (Saller, 1984; Whitaker and others, 1994) , whereas the simulations presented here show significant dolomitization only above 40°C. If these thin beds were indeed dolomitized during geothermal convection, dolomite precipitation rates must be significantly higher than those predicted in our simulations. The time required for complete dolomitization of these sediments would also be reduced because mass transport is much more extensive in shallow, cool sediments than in deep, compacted sediments. This would be consistent with field evidence for dolomitization of thin beds in only 1 to 2 my (see Budd, 1997) , rather than the minimum of 30 my as in the simulations presented here. As previously discussed, our simulations were designed to investigate long-term, massive dolomitization on the scale of 100 m thickness, whereas more rapid dolomitization is typically linked to beds on the order of 1 m thickness. We also note that the reactive surface area of sediments may increase with time due to the slow conversion of high magnesium calcite to calcite and dolomite as sediments age. Conversion of disordered dolomite to ordered dolomite might also increase the reactive surface area. Such effects would render older beds much more reactive than newly-deposited sediments.
calcium enrichment and anhydrite cements
Our results suggest that dolomitization of carbonate platforms during geothermal convection is capable of generating calcium-rich fluids over time scales as short as 10 ky. Calcium-rich modified seawater of this type could contribute to the formation of calcium-rich basinal brines through evaporation or possibly through contact with evaporites. Based on the simulations presented here, diagenesis during geothermal convection in carbonate platforms could supply calcium to seawater and remove magnesium.
According to our geochemical models, anhydrite precipitation should accompany advanced dolomitization where adequate sulfate is available, regardless of the flow system. This process, also known as anhydritization, is widely observed and can significantly reduce porosity (Kendall and Walters, 1997 ), yet it has received relatively little attention (Dworkin and Land, 1994) . The calculations presented here support the link between dolomitization and anhydritization suggested by Machel (1986) and are consistent with geochemical models for the Lyons Sandstone (Lee and Bethke, 1994) . These results further suggest a driving force for precipitation of remobilized Ca-SO 4 minerals, consistent with the origins of anhydrite cement in the Smackover sandstones (Dworkin and Land, 1994) .
conclusions Simulations presented here suggest that geothermal convection can drive dolomitization in carbonate platforms. The importance of mass transport and reaction kinetics for dolomitization are well established, and our results showed dolomitization occurring in zones where a balance was struck between mass transport, which is favored in shallow permeable sediments, and high temperatures, which significantly increase reaction rates but are typically restricted to deep, low permeability zones. Dolomitization during geothermal convection created calcium-rich, magnesiumpoor fluids within 10 ky, and the predicted discharge of these fluids at the center of the platform agrees qualitatively with observations of warm springs discharging from the Florida Platform. Dolomitization also creates conditions favorable to anhydritization.
Reactive surface area was critical in determining the rate and distribution of dolomitization in our simulations. An order-of-magnitude decrease in reactive surface area increased the temperature at which maximum dolomitization occurred by ϳ30°C. The zone of maximum dolomitization was forced down into deeper, warmer areas of the platform, and the reduced mass transport at those depths led to an increase of 40 percent in the estimated minimum time required for dolomitization.
Sediment permeability affected the distribution of dolomitization not only through controls on mass transport but also through feedback with heat transport. High permeability and associated high flow rates cooled most of the platform and focused dolomitization near the center of the platform. Warmer temperatures and decreased mass transport associated with lower permeability allowed transport-controlled dolomitization only near the platform margin. Dolomitization was characteristically diffuse and slow in platforms consisting of a uniform sediment type, which suggests that geothermal convection may not commonly drive massive dolomitization unless temperatures or reactive surface areas are higher than those presented here. However, simulations incorporating permeability contrasts, permeable beds, and reactive surface areas higher than the surrounding sediments showed focused dolomitization in thin bands. The estimated time required for complete dolomitization of 100 m-thick beds was reduced by a factor of up to 2 compared to the baseline simulation. The dolomitized areas predicted in these simulations vary in shape and location, and these results suggest that inferences regarding fluid flow based on field observations of dolomite geometry should be made with caution.
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